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Abstract To investigate the role of cell cycle gene
variations in lymphomagenesis, we evaluated associa-
tions (odds ratios [OR] and 95% conWdence intervals
[CI]) in polymorphisms from seven candidate genes in
1,172 non-Hodgkin lymphoma (NHL) cases and 982
population-based controls. The cyclin D1 (CCND1)
splice variant G870A (rs603965) increased NHL risk

(ORAA = 1.4, 95% CI = 1.1–1.8, P-trend = 0.021),
which was consistent for four B-cell subtypes. As
CCND1 expression indicates poor NHL prognosis, our
results, if true, would support its potentially dual
importance in NHL etiology and survival.

Introduction

Cell cycle dysregulation is critical for carcinogenesis. A
number of genes relevant for progression from the G1
to the S phase of the cell cycle have been identiWed and
perturbation of their function is known to be relevant
for hematopoietic malignancies. Chromosomal aberra-
tions and translocations occur within key cell cycle reg-
ulatory genes in lymphomas, including cyclin D1
(CCND1). Cyclin D1 plays an important role in B-cell
activation and diVerentiation, and its expression helps
delineate post-germinal center activation of B-cells.

Genetic variations within cell cycle genes with tran-
scriptional and functional relevance have been
reported, but their role in NHL etiology remains
largely unexplored except for a few reports (Hou et al.
2005; Zhang et al. 2005). We therefore evaluated
twelve single nucleotide polymorphisms (SNPs) from
seven candidate genes (BCL6, CCND1, CCNH,
CDKN2A, CHEK1, LMO2, TERT) in our large US-
based multi-center case-control study of non-Hodgkin
lymphoma (NHL).

Patients, materials and methods

The study population has previously been described in
detail (Chatterjee et al. 2004). BrieXy, cases included
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1,321 patients with newly diagnosed NHL identiWed in
four Surveillance, Epidemiology, and End Results reg-
istries (Iowa; Detroit, MI, USA; Los Angeles, CA,
USA; Seattle WA, USA) aged 20–74 years between
July 1998 and June 2000 without evidence of HIV
infection. All cases were histologically conWrmed and
coded according to the International ClassiWcation of
Diseases for Oncology, 2nd edition (Harris et al. 1994)
and subsequently updated to the 3rd edition. Popula-
tion controls (n = 1,057) were identiWed by random
digit dialing (< 65 years) and from Medicare eligibility
Wles (¸ 65 years) and matched to cases on age, sex, and
race at each study site. Written informed consent was
obtained from all participants, in accordance with US
Department of Health and Human Services guidelines.
This study was approved by the institutional review
boards at the NIH and at each participating Surveil-
lance Evaluation and End Results (SEER) site (Iowa,
Seattle, Los Angeles, and Detroit).

We evaluated the 1,172 cases (89%) and 982 con-
trols (93%) for whom biological samples were
obtained for genotyping (Wang et al. 2006). DNA was
extracted from blood (n = 773 cases and 668 controls)
using Puregene Autopure DNA extrac tion kits
(Gentra Systems, Minneapolis, MN, USA) and from
buccal cells (n = 399 cases and 314 controls) by phenol–
chloroform extraction (Garcia-Closas et al. 2001). As
previously reported, genotype frequencies in our con-
trols did not diVer by whether blood or buccal samples
were provided (Bhatti et al. 2005).

We selected seven genes (12 SNPs) with known a
priori evidence of laboratory or clinical relevance to
hematopoietic diseases (Table 1). Genotyping was con-
ducted using the Taqman platform (Core Genotyping
Facility, Advanced Technology Corporation, Gaithers-
burg, MD, USA). Sequence data and assay conditions

are provided at http://www.snp500cancer.nci.nih.gov.
Quality control specimens included 40 replicates from
two blood donors and 100 duplicates from study sub-
jects. Agreement for QC samples was ¸ 99% for all
assays. Departure from Hardy–Weinberg equilibrium
as calculated by Chi square and measured as P < 0.05
was assessed for each SNP in the control population
stratiWed by race; we found that no SNPs departed
from Hardy–Weinberg equilibrium in our study.

We calculated odds ratios (OR) and 95% conWdence
intervals (CI) for each genotype with NHL, using the
homozygous wild-type genotype as the referent group.
We calculated the P-trend based on the three-level
ordinal variable (0, 1, 2) of homozygote wild-type, het-
erozygote, and homozygote variant. Finding no signiW-
cant diVerences in risk estimates by stratiWed analysis
(age, sex, race, study center), we present estimates
adjusted for age (< 54, 55–64, 65+ years), sex, race
(white, black, other), and study center, as these were
all study design variables. Unconditional logistic
regression (for NHL) and polytomous regression (for
subtypes) were conducted using SAS 8.2 (SAS Insti-
tute, Cary, NC, USA).

Results

The CCND1 G870A splice variant (rs603965) was
associated with increased NHL risk (ORAG = 1.1, 95%
CI = 0.9–1.3, ORAA = 1.4, 1.1–1.8, P-trend = 0.021)
(Table 2). When stratiWed by cell lineage, the risk
remained elevated for B-cell lymphomas (ORAG = 1.1,
95% CI = 0.9–1.4, ORAA = 1.4, 1.1–1.9, P-trend =
0.018). Elevated risks for T cell lymphomas were not
statistically signiWcant. Among the four most common
B-cell lymphoma subtypes in our study, increased risks

Table 1 Cell cycle genes and single nucleotide polymorphisms evaluated in the NCI-SEER multicenter case-control study of non-
Hodgkin lymphoma

Gene Name Chromosomal
location

SNP rs 
number

Base pair change Amino 
acid change

BCL6 B-cell CLL/lymphoma 6 3q27 rs1056932 Ex6¡195C>T N387N
CCND1 Cyclin D1 11q13 rs678653 Ex5+852C>G 3�UTR

rs603965 Ex4¡1G>A P241P
CCNH Cyclin H 5q13.3-q14 rs2266690 Ex8+49T>C V270A
CDKN2A Cyclin-dependent kinase inhibitor 2A 9p21 rs3731249 Ex3¡16A>G A148T

rs11515 Ex4+43C>G 3�UTR
rs3088440 Ex4+83T>C 3�UTR

CHEK1 CHK1 checkpoint homolog 11q22-q23 rs506504 Ex13+76A>G I471V
LMO2 LIM domain only 2 11p13 rs3740617 Ex6+106A>G K121K

rs2038602 Ex5+70T>C I37I 
TERT Telomerase reverse transcriptase 5p15.33 rs2736098 Ex2¡659G>A A305A 

rs2853690 Ex16+203C>T 3�UTR
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were observed and signiWcant for diVuse large B-cell
lymphoma (DLBCL) (ORAA = 1.4, 95% CI = 1.0–2.0)
and marginal zone lymphomas (ORAG or AA = 1.9, 95%
CI = 1.1–3.1) (Table 2).

There were no statistically signiWcant diVerences in
risk estimates when stratiWed by age, race or sex. No
SNP or haplotype associations were found in BCL6,
CCNH, CDKN2A, CHEK2, LMO2, or TERT (Supple-
mental Tables 1 and 2).

Discussion

CCND1 encodes cyclin D1, a key cell cycle regulatory
protein signaling the transition from G1 to the S phase
of the cell cycle. Cyclin D1 overexpression and
CCND1 translocations with IgH occur in mantle cell
lymphoma, multiple myeloma, and B-cell chronic lym-
phocytic leukemia (Rabbitts 1998). Importantly, the
CCND1 G870A polymorphism confers an alternate
splice site resulting in two messenger RNA transcripts
(Howe and Lynas 2001); the A allele which codes for
isozyme b has previously been associated with acute
lymphoblastic leukemia (Hou et al. 2005). Interest-
ingly, the DLBCL risk increase observed with the
CCND1 G870A polymorphism may also be important
as cyclin D1 expression has been reported to confer
worse prognosis for DLBCL (Zhang et al. 1999). We
note that the risk increase was most pronounced in
marginal zone lymphomas, which, like DLBCL, is con-
sidered a more aggressive NHL subtype.

Our results suggest a potential role for CCND1
polymorphisms in lymphomagenesis. Because we

cannot exclude the possibility of false positive results,
replication of our Wndings and further haplotype analy-
ses are needed. However, if our observations are
veriWed, they would support a dual role for CCND1 in
NHL etiology and survival.
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